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ABSTRACT 

Included  in  this  report  are  the  results  of  an  investigation  concerning  scattering 
matrices  of  several  types  of  targets.  The  primary  purpose  of  the  investigation  was  to 
investigate  the  degradation  of  data  resulting  from  cross  section  and  phase  computa¬ 
tions  by  using  a  scattering  matrix  whose  elements  had  been  degraded  by  noise. 

A  review  of  the  matrix  representation  of  target  scattering  characteristics  is  pre¬ 
sented  along  with  a  discussion  of  the  measurement  system  and  calibration  procedure 
used  to  obtain  the  measured  data.  The  measu-ed  data  was  obtained  by  using  an 
absolute  phase  measuring  radar  system  operating  at  3  gigahertz.  The  scattering 
matrix  of  three  targets,  designed  to  exhibit  distinctly  different  scattering  character¬ 
istics,  was  measured  at  various  signal-to-noise  ratios.  The  measured  data  was  then 
used  as  input  data  to  an  IBM  7090  which  calculated  cross  sections  and  phase  at  five 
polarizations.  The  calculated  data  was  then  used  to  generate  degradation  curves  for 
each  of  the  three  types  of  targets.  In  addition,  computed  versus  measured  cross 
section  and  phase  Information  on  each  of  the  three  targets  is  presented  for  the  case 
of  45-degree  linear  transmission  and  reception. 
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EVALUATION 


1.  Die  purpose  of  this  effort  was  to  investigate  the  degradation  of 
tiis  scattering  satrix  transformation  as  a  function  of  the  rignal-to- 
noiss  rstic  of  the  received  radar  echo.  Ibis  vark  was  done  to  determine 
vnat  signal- to- noise  criteria  should  be  used  if  scattering  matrix 
concepts  are  to  be  incorporated  in  an  operational  radar. 

2.  Die  effort  resulted  in  a  report  vhich  contains  degradation  curves 
for  three  classes  of  targets  in  addition  to  calculated  (via  scattering 
matrix )  and  measured  radar  cross  section  and  phase  data  for  various 
signal- to- noise  ratios. 

3-  la  acquiring  the  data  required  for  the  report,  the  contractor 
demonstrated 'that  rather  precise  radar  cross  section  and  phase  data 
could  be  produced, via  the  scattering  matrix  calculation.  Die  ability 
to  make  the  scattering  matrix  calculation  is  now  being  incorporated 
in  the  RAT  SCAT  (Radar  Target  Scatter  Site)  equipment.  When  this  work 
is  complete,  it  is  expected  that  RAT  SCAT  will  be  able  to  obtain  the 
scattering  matrix  of  a  target  and  then  calculate  what  that  target's 
radar  cross  section  and  phase  should  be  for  any  arbitrary  polarization. 
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SECTION  I 


INTRODUCTION 


In  general,  the  scattering  matrix  of  a  target  contains  significantly  more  informa¬ 
tion  than  the  cross  section  of  the  target  obtained  at  one  or  several  polarizations.  In 
particular,  if  the  scattering  matrix  of  a  target  is  available,  the  cross  section  of  the 
target  can  be  computed  for  every  possible  polarization  combination  of  a  radar  trans¬ 
mitter  and  receiver  system. 

In  addition  to  the  capability  just  noted,  the  information  contained  in  the  scattering 
matrix  is  useful  in  studies  of  (1)  cross  section  at  other  aspect  angles,  (2;  effects  of 
Faraday  rotation  on  target  signatures,  (3)  target  signature  discrimination,  and  (4) 
polarization  stepping  (analogous  to  frequency  stepping). 

In  some  studies,  the  accuracy  with  which  the  scattering  matrix  can  be  obtained  is 
not  important,  but  in  others,  the  accuracy  of  the  data  directly  influences  the  results 
obtained  by  using  the  scattering  matrix.  The  primary  purpose  set  for  the  program 
being  reported  was  to  investigate  the  degradation  of  the  data  obtained  via  the  scatter¬ 
ing  matrix  as  a  function  of  the  signal-to-noise  ratio.  Although  there  are  other  im¬ 
portant  degradation  parameters  which  could  be  investigated,  such  as  phase  error 
and/or  aspect  error,  a  common  problem  associated  with  the  recording  of  targets  is 
that  a  significant  percent  of  the  time  the  return  signal  level  is  quite  close  to  that  of 
the  system  sensitivity.  In  order  to  investigate  the  influence  of  scattering  matrix  de¬ 
gradation  as  a  function  of  noise,  several  types  of  matrices  were  used  in  order  to 
obtain  information  representative  of  most  types  of  targets.  In  particular,  the  scatter¬ 
ing  matrices  of  three  targets  were  used  to  arrive  at  the  degradation  curves  presented 
in  this  report.  The  first  target  was  such  that  the  amplitude  coefficients  of  the  scat¬ 
tering  matrix  were  nominally  of  the  same  value  (within  0  to  10  db),  that  is,  the  target 
was  of  such  a  nature  that  it  significantly  depolarized  the  illuminating  field.  The 
second  target  was  such  that  the  relative  phase  angles  of  the  scattering  matrix  covered 
a  significant  dynamic  range  at  a  significant  rate  relative  to  each  other.  The  third 
target  was  a  "typical"  aerospace  vehicle  in  which  the  frequency-to-size  scale  factors 
were  compatible  with  those  of  full-scale  vehicles  and  operational  measurement  ra¬ 
dars.  The  matrices  of  these  three  types  of  targets  are  sufficiently  representative 
that,  at  least  over  a  limited  aspect  region,  they  give  degradation  information  on  most 
targets  of  interest. 

The  linear  monostatic  scattering  matrix  was  measured  for  each  of  the  targets  at 
l/10-degree  aspect  angles  for  a  total  of  3600  scattering  matrices  for  each  target  at 
each  signal- to- noise  ratio.  This  data  was  then  processed  in  a  digital  computer  where 
cross  section  and  phase  were  computed  for  each  of  five  polarizations.  The  computed 
cross  section  and  phase  of  each  target  were  compared  at  each  of  the  signal-to-noise 
ratios  with  those  computed  for  maximum  signal-to-noise;  the  scattering  matrices  re¬ 
corded  under  maximum  signal-to-noise  conditions  were  used  to  generate  reference 
data  for  each  of  the  targets.  From  these  comparisons,  cross  section  and  phase  error 
cumulative  distributions  were  generated  as  a  function  of  signal-to-noise. 

In  addition  to  the  study  outlined  above,  the  cross  section  and  phase  of  each  target 
were  measured  at  a  polarization  other  than  the  linear  polarizations  used  to  obtain  the 


target  scattering  matrix.  The  scattering  matrix  was  then  used  to  compute  the  cross 
section  and  phase  at  the  selected  measurement  polarization,  and  the  results  were 
compared.  This  experiment  was  conducted  in  order  to  provide  data  as  to  the  prac¬ 
ticality  of  using  the  scattering  matrix  to  obtain  cross  section  information  rather  than 
provide  measurement  capability  for  arbitrary  polarization.  The  results  of  these 
experiments  were  quite  positive  in  that  the  differences  between  measured  and  com¬ 
puted  values  were  in  most  cases  of  the  same  order  as  the  errors  caused  by  cross 
section  and  phase  measurement  limitations.  The  results  were  quite  good  in  view  of 
the  fact  that  an  absolute  phase  measuring  system,  operating  at  3  gigahertz,  was  used 
to  obtain  phase  information  rather  than  a  relative  phase  measuring  system. 

A  review  of  the  basic  concepts  of  the  scattering  matrix  is  presented  in  Section  0, 
along  with  a  discussion  of  the  factors  which  must  be  accounted  for  in  a  measurement 
system  in  order  to  measure  a  target  scattering  matrix  accurately.  At  the  end  of  the 
section  an  amplitude  and  phase  calibration  procedure,  based  on  the  use  of  a  sphere, 
is  outlined.  Section  JJ  also  contains  a  brief  description  of  the  measurement  system 
used  to  obtain  the  data  reported. 

Section  m  contains  a  description  of  the  targets  measured,  along  with  their 
scattering  characteristics.  The  reference  used  to  measure  the  signal-to-noise  (S/N) 
is  discussed,  and  several  patterns  obtained  at  the  lower  values  of  S/N  are  presented 
for  each  of  the  targets.  Computed  cross  sections  and  phase  for  45-degree  linear 
polarization  are  presented  along  with  measured  records  of  these  conditions.  The 
polarizations  used  in  the  degradation  study  are  discussed  and  the  degradation  curves 
for  phase  and  cross  section  are  presented. 

The  results  of  the  program  are  discussed  in  Section  IV  in  terms  of  the  require¬ 
ments  imposed  on  a  measurement  system  designed  to  obtain  the  scattering  matrix  for 
use  in  various  studies.  L>  conclusion,  a  discussion  is  presented  on  severs!  studies 
similar  to  the  one  reported  of  other  factors  wnicb  influence  the  data  obtained  from  a 
target  scattering  matrix.  Also,  several  uses  of  the  scattering  matrix  are  discussed, 
and  examples  based  on  the  data  generated  under  this  study  are  presented. 


SECTION  n 


MATRIX  REVIEW  AND  MEASUREMENT  SYSTEM 


The  scattering  matrix  is  an  efficient  means  of  describing  the  polarization  depend¬ 
ence  of  a  target  signature.  However,  the  elements  of  the  scattering  matrix  are  in 
general  complex  numbers;  hence  to  obtain  the  matrix,  a  measurement  system  capable 
of  measuring  both  cross  section  and  phase  is  required.  In  this  section  a  review  of 
the  basic  properties  of  a  scattering  matrix  is  presented  and  is  followed  by  a  discus¬ 
sion  of  the  calibration  procedure  and  measurement  system  used  to  obtain  the  results 
which  are  reported. 

The  scattering  matrix  discussion  is  limited  to  the  case  of  monostatic  scattering, 
and  it  is  assumed  that  the  targets  scatter  in  a  linear  manner.  A  more  detailed  dis¬ 
cussion  of  scattering  matrix  properties  and  identities  is  given  in  Reference  1. 

The  measurement  system  used  to  obtain  the  matrices  reported  in  this  document 
was  of  the  so-called  absolute  phase  measuring  type,  which  is  just  one  of  several 
techniques  that  can  be  used  to  obtain  matrix  data  (Reference  1  contains  a  discussion 
of  other  techniques).  The  cross  section  facility  used  is  a  quasi-monostatic  ground 
plane  type  facility',  Reference  2  contains  a  discussion  of  the  operating  principles  and 
typical  data  obtained  from  a  range  of  this  type.  Measurement  procedures,  system 
performance,  and  factors,  such  as  calibration  techniques,  antenna  isolation,  bi¬ 
static  angle,  recorder  dynamic  range,  frequency  stability,  and  target  motion  are  all 
important  in  a  measurement  program  of  this  type.  Hence,  following  the  review  of 
the  scattering  matrix,  these  factors  are  discussed  in  terms  of  their  relationship  to 
the  measurement  system  used  in  this  program. 

Scattering  Matrix 

In  general,  a  target  scattering  matrix  is  dependent  upon  the  bistatic  angle  be¬ 
tween  the  transmitter  and  receiver.  However,  the  only  basic  difference  between  the 
bistatic  matrix  and  monostatic  matrix  is  that  the  monostatic  matrix  is  generally  sym¬ 
metrical  (except  possibly  in  the  case  of  nonlinear  scatterers).  In  the  following  dis¬ 
cussion,  the  conditions  will  be  restricted  to  monostatic  scattering  and  linear  scatterers. 

The  principle  of  superposition  is  a  physical  basis  for  explaining  the  fact  that  a 
set  of  cross  section  and  phase  measurements  obtained  at  two  orthogonal  polarizations 
suffice  to  compute  the  cross  section  and  phase  at  all  polarizations.  In  other  words, 
all  possible  polarizations  which  a  transmitter  and  receiver  can  produce  and  3ee  in  the 
far  field  can  be  derived  from  a  set  of  two  vectors  of  diminsion  two.  Hence,  given  the 
cross  section  and  phase  of  each  of  the  components  of  the  two  vectors,  the  cross  sec¬ 
tion  and  phase  of  any  other  polarization  can  be  expressed  in  terms  of  these  four  cross 
sections  and  phases.  This  concept  is  expressed  compactly  in  matrix  notation  in 
Equation  1  where  the  amplitude  dependence  on  range  has  been  neglected. 
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square  root  of  cross  section  and  phase  at  the  transmitter  polarization 
condition  (t)  and  the  receiver  polarization  condition  (r). 


i5 

(Siny  ,  Cosy  e  r)  =  a  complex  vector  of  dimension  two  which  represents  the 
r  r  possible  polarization  conditions  of  the  radar  receiver 


lCt 

(Siny,  Cosy,  e  )  =  a  complex  vector  of  dimension  tvx>  which  represents  the 

possible  polarization  conditions  of  the  transmitter 


The  elements  of  the  two-by-two  matrix  represent  the  square  root  of  cross  section  and 
the  phase  at  the  transmitter  and  receiver  polarization  conditions  indicated  by  the  sub¬ 
scripts.  A  common  method  of  identifying  the  elements  of  the  matrix  is  to  let  tt  /2 
represent  vertical  polarization  and  o  represent  horizontal  polarization;  this  identifica¬ 
tion  will  be  used  in  the  remainder  of  the  report  where  the  subscript  V  will  denote 
vertical  and  H  horizontal. 

The  scattering  matrix  noted  in  Equation  1  is  called  the  linear  scattering  matrix 
since  the  elements  of  the  scattering  matrix  are  those  corresponding  to  the  four  linear 
conditions  "transmit"  V,  "receive"  V  (TV,  RV),  "transmit"  V,  "receive"  H  (TV,  RH), 
"transmit"  H,  "receive"  V  (TH,  RV),  and  "transmit"  H,  "receive"  H  <TH,  RH), 

Other  representations,  such  a3  a  circular  polarization  scattering  matrix,  are  some¬ 
times  used,  but  any  one  representation  can  be  transformed  tc>  the  other  by  use  of  a 
simple  transformation  which  is  Indicated  in  the  following  steps. 
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Starting  with  Equation  1,  the  identity  matrix  is  inserted  as  noted  in  Equation  2 
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Now  the  identity  matrix  is  equal  to  the  product  of  any  nonsingular  matrix  multiplied  by 
its  inverse,  as  indicated  in  Equation  3. 
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To  evaluate  the  elements  of  the  matrix  in  Equation  3,  another  polarization  basis  can 
be  selected,  such  as  right  and  left  circular  or  plus  45-degree  linear  and  minus  45- 
degree  linear  since  these  are  independent  (orthogonal)  polarizations.  To  illustrate 
the  procedure,  the  linear  "transmit"  and  "receive"  polarization  vectors  of  Equation  2 
will  be  transformed  to  a  circular  polarization  system.  Multiplying  the  linear  vector 
in  Equation  2  by  the  first  matrix  on  the  right-hand  side  of  Equation  3  gives  the  vector 
of  Equation  4. 
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To  evaluate  the  a^  elements,  it  is  noted  that,  in  the  case  of  a  circular  base  system, 
the  second  component  of  the  vector  should  be  zero  when  the  first  component  is,  say, 
right  circular  (y_  =  tt/4,  5r  =  -  tt/2),  and  the  first  component  squared  should  be  1 
at  this  same  condition.  This  latter  condition  insures  that  the  vector  "length",  which 
corresponds  to  field  intensity,  is  maintained  the  same  before  and  after  the  transforma¬ 
tion  (i.e.,  conservation  of  power).  A  similar  set  of  conditions  for  left  circular 
(y  -  *■/ 4,  5  r  w/2)  gives  another  two  relationships  from  which  the  four  a^  values 
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are  determined  as  au  =  1//2,  a^l  =  1/^2,  aJ2  «  1//2,  a^  «  -1//2.  Use  of  these 
values  for  ay  to  transform  the  receiver  vector  and  a  similar  set  determined  by  oper¬ 
ating  on  the  transmitter  vector  gives 
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Performing  the  multiplication  Indicated  in  Equation  5  on  the  linear  scattering  matrix 
gives  the  circular  scattering  matrix  in  Equation  6. 
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The  circular  scattering  matrix  form  given  in  Equation  6  is  convenient  for  recording 
target  scattering  characteristics  in  the  case  of  a  radar  which  operates  primarily  in 
the  circular  polarization  modes.  As  in  the  linear  scattering  matrix  case,  cross 
sections  at  other  polarizations  can  be  computed  by  adjusting  the  parameters  y  5  , 
Yt  and  5 1>  For  example,  r’  r 

VFT  €^VV 

is  given  by  letting  Yr  -  Y^  =  n/2  and  6  r  and  6 1  be  arbitrary,  and  ia  terms  of 
circular  scattering  matrix  components  is  given  by 
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The  measurement  system  used  to  obtain  the  data  being  reported  was  a  linear  polariza¬ 
tion  system;  c<^sequently,  throughout  the  remainder  of  the  report,  the  discussions 
will  be  based  bn  the  linear  scattering  matrix  of  Equation  2.  Before  the  calibration 
procedures  are  discussed,  the  symmetry  properties  of  the  scattering  matrix  are 
noted,  as  well  as  appropriate  comments  concerning  the  polarization  convention  adopted 
in  this  report  and  the  phase  components  of  the  scattering  matrix  elements. 

In  the  monostatic  case,  the  principle  of  reciprocity  can  be  used  to  demonstrate 

that 


if 


HV 


in  the  case  of  linear  scatterers.  This  symmetry  condition  reduces  the  number  of 
measurements  required  to  obtain  the  matrix  elements  in  Equation  2  from  eight  to  six. 

In  addition,  it  is  noted  that  each  of  the  phase  terms  in  Equation  2  included  a  component 
due  to  the  range  between  the  radar  and  target.  Since  this  range  term  is  a  function  of  time, 
it  is  quite  dependent  on  the  measurement  conditions,  and  for  this  reason  phase  is 
usually  referenced  to  some  phase  term  of  the  matrix.  In  the  computational  equations 
used  in  the  study  being  reported,  all  computed  phases  were  referenced  to  the  phase 
fvv.  Hence,  to  compare  measured  phase  with  computed  phase,  fw  was  added  to 
the  computed  phases  (Section  HI).  In  the  case  of  a  radar  which  can  receive  on  two 
channels  simultaneously,  relative  phase  can  be  measured  directly.  Relative  phase 
measurements  versus  absolute  are  discussed  in  more  detail  in  Section  IV. 

The  polarization  conventions  which  are  used  throughout  this  report  are  defined  in 
terms  of  the  polarization  parameters  of  the  transmitter  (^,  gj)  and  the  receiver 
(yr>  g-);  the  y  parameters  determine  the  space  direction  of  the  field  and  the  5  param¬ 
eters  denote  the  time  angle  between  the  orthogonal  space  vectors.  Any  polarization 
can  be  selected  by  choosing  the  correct  value  of  y  and  5  from  their  ranges  of 
-  JT/fc  <  (y,  5)  <  jj/2.  A  negative  5  represents  a  field  vector  rotating  in  a  clockwise 
direction  as  observed  in  the  case  of  a  wave  moving  away  from  the  observer,  and  a 
positive  6  represents  a  counterclockwise  rotating  vector  (this  convention  holds  when 
y>o;  when  y  <o,  the  rotations  are  reversed).  The  polarizations  used  in  this  study 
are  listed  in  Table  1  in  terms  of  the  polarization  parameters  and  the  abbreviations 
used  to  designate  these  conditions. 

Calibration 


The  scattering  matrix  noted  in  Equation  2,  represents  the  ideal  case  when  the 
measurement  system  is  calibrated  to  measure  cross  section  and  phase  for  each  of  the 
conditions  (TV,  RV),  (TV,  RH),  (TH,  RH).  In  practice,  equipment  requirements  and 
calibration  procedures  must  be  established  in  order  tc  approximate  the  ideal  case 
sufficiently.  Before  the  system  requirements  are  discussed,  consideration  will  be 
given  to  the  calibration  procedure  used  to  normalize  the  cross  section  to  dbsm  (decibels 
relative  to  a  square  meter)  and  the  phase  relative  to  a  range  term. 

The  measurement  system  used  in  this  study  was  a  dual-antenna  system,  operat¬ 
ing  on  a  ground  plane  range,  as  indicated  in  Figure  1.  In  Figure  1,  the  influences  of 
the  antenna  system  and  ground  plane  are  noted  by  transformation  circuits  since  they 
operate  on  the  transmitted  and  reflected  waves  to  alter  the  horizontal  and  vertical 
components.  In  the  analysis  that  follows,  it  will  be  assumed  that  these  are  linear 
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operations  and  that  the  received  field  can  therefore  be  related  to  the  incident  field  as 
indicated  in  Equation  8  where  a  Ry,  rRyt  rRR,  a,,H,  Ttv,  and  rxH 

are  complex  numbers  independent  of  E^. 


Receive  antenna  Ground  plane 


The  dr's  in  Equation  8  denote  the  gains  and  phase  associated  with  each  of  the  antenna 
vertical  and  horizontal  components.  (To  demonstrate  the  calibration  procedure,  it  i9 
assumed  that  the  vertical  channels  can  be  completely  isolated  from  the  horizontal 
channels  by  proper  selection  of  yr  and  yt. )  The  P's  represent  the  vertical  and  hori¬ 
zontal  reflection  coefficients  of  the  ground  plane,  and  under  normal  conditions, 
rRV  =  rTV,  rRH  =  rTR.  However,  since  the  a's  are  in  general  different,  differ¬ 
ences  between  the  P's  would  be  masked  as  can  be  seen  by  combining  the  ground  plane 
effect  with  the  antenna  effect.  The  result  is  indicated  in  Equation  9  where  the  constant 
terms  of  Equation  8  have  also  been  combined. 
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The  calibration  procedure  is  demonstrated  only  for  the  case  of  amplitude  since  the 
phase  calibration  procedure  can  be  demonstrated  by  using  a  similar  argument.  A 
superscript  (S)  will  be  used  to  denote  the  measurements  of  a  sphere  whose  cross 
section  is  known  and  a  (T)  will  be  used  for  a  target.  To  calibrate  the  (TV,  RV)  case, 
y  =  y  =  tr/2,  and  the  measured  amplitude  of  for  the  sphere  is  given  by 
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while  that  of  the  target  is  given  by 
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Also,  for  the  (TH,  RH)  case,  ia  (5iveQ  by 
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To  calibrate  ,  note  that  the  product  of 
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eliminating  the  common  terms  in  these  two  expressions  gives 
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The  above  demonstration  indicates  that  a  sphere  can  be  used  to  calibrate  the 
system  to  measure  Oyy,  Vgjj,  an^  ayH»  and  a  similar  argument  would  show  that 
$yy,  and  0yjj  can  be  calibrated  by  using  a  sphere.  In  practice,  the  system  is 

calibrated  by  using  a  sphere  as  a  primary  standard  and  a  corner  as  a  secondary 
standard.  The  secondary  standard  is  located  outside  the  range  gate  when  the  gate  is 
centered  over  the  target  region.  With  this  arrangement,  system  calibration  can  be 
maintained  for  long  periods  of  time  in  a  convenient  manner.  A  post  calibration  is 
performed  by  using  the  sphere  in  order  to  provide  a  safeguard  against  possible  fluc¬ 
tuation  caused  by  changes  in  the  secondary  standard.  Listed  in  Table  2  are  the  records 
for  the  precalibration  and  post  calibration  of  amplitude  and  phase  for  the  two  periods 
of  time  used  in  the  measurements. 

Included  in  Table  2  are  calibration  data  for  (T  77/4,  R  77/4)  as  well  as  the  princi¬ 
pal  linear  polarizations.  To  calibrate  for  (T  77/4,  R  77/4),  a  procedure  similar  to 
that  outlined  for  the  principal  linear  conditions  was  used.  However,  the  accuracy  of 
the  calibration  is  dependent  upon  how  closely  the  conditions  p«y  =  p»H  are  approxi¬ 
mated.  At  the  frequency  of  operation  (3  gigahertz),  it  was  estimated  that  these 
conditions  would  be  sufficiently  approximated  in  order  to  measure  at  (T  77/4,  R  77 /4), 
compare  these  data  with  computed  (T  tt/4,  R  77 /4),  and  obtain  good  agreement  except 
possibly  over  isolated  azimuth  regions  where  small  errors  in  the  elements  of  the 
scattering  matrix  produce  large  errors  in  the  resultant  cross  section  and  phase.  An 
indication  of  the  validity  of  the  above  condition  can  be  obtained  by  noting  the  difference 
in  sphere  cross  section  as  the  antennas  are  rotated  between  (TV,  RV)  and  (TH,  RH). 
This  difference  being  small,  as  was  the  case  in  the  measurement  system  used, 

indicates  that  |  piy  |  =  |  PiR  j  . 

Measurement  System, 

hr  discussing  calibration  procedures,  the  measurement  system  was  idealized  in 
that  it  was  assumed  that  the  conditions  TV  (TH)  and  RV  (RH)  could  be  achieved  and  the 
bistatic  angle  was  zero.  It  was  also  implicitly  assumed  that  once  a  calibration  level 
was  achieved,  cross  section  and/or  phase  could  be  recorded  relative  to  this  level  in 


TABLE  2 

SECONDARY  STANDARD  CALIBRATION  DATA 


a  meaningful  manner.  The  first  idealization  involves  the  "purity"  of  the  antenna  system 
and  the  effect  of  the  bistatic  angle  while  the  second  involves  the  accuracy  of  operating 
the  system  over  some  dynamic  range. 

The  amount  of  "purity"  (isolation)  needed  in  an  antenna  system  in  order  to 
measure  the  elements  of  the  scattering  matrix  can  be  estimated  by  noting  the  amount 
of  accuracy  desired  and  the  relative  magnitude  between  the  (Tyy  (0^)  cross  section 
and  (Cryg).  For  example,  if  1-db  accuracy  is  desired  and  is  nominally  15  db 
lower  than  Oyy  and  OW,  then  the  amount  of  isolation  needed  between  the  transmitted 
(received)  H  component  is  35  db  when  the  system  is  supposedly  transmitting  V  (re¬ 
ceiving).  This  isolation  can  be  checked  by  comparing  oy*,  and  ffHV  of  a  sphere  (or 
other  specular  reflector)  with  ff™  or  0^™  Shown  in  Figure  2  are  (1)  the  isolation 
test  results  obtained  by  using  a  sphere  after  aligning  the  antennas  for  measurement 
series  1  and  (2)  the  results  obtained  by  using  a  flat  plate  at  broadside  after  aligning 
the  antennas  for  measurement  series  2.  The  test  data  indicate  that  better  than  35  db 
of  isolation  was  achieved  with  the  antenna  system  used  in  the  measurement  program. 

The  bistatic  angle  used  for  the  measurement  program  was  approximately  0.25 
degree;  comparison  of  OVh  with  CTjjy  shows  that  the  effect  of  this  angle  on  the  data  was 
negligible.  Comparisons  of  dyr,  and  (T^y  for  the  three  models  can  be  made  by  inspec¬ 
tion  of  Figures  10  through  29.  uyH.  0VH»  O'hV*  ^  0HV  were  recorded  throughout 
the  measurement  program  since  differences  between  the  appropriate  plots  would  serve 
as  a  warning  that  antenna  isolation  was  degraded. 

Another  factor  which  can  influence  the  differences  between  CTyrr  and  ow  is  the 
difference  in  vertical  height  field  patterns  between  (TV,  RV)  and  (TH,  RH).  Also , 
differences  in  these  "transmit"  and  "receive"  field  patterns  tend  to  make  j  p-v  |  ^ 
|pm| .  For  these  reasons,  the  antennas  were  adjusted  to  give  field  patterns  for  these 
conditions  as  near  to  optimum  as  practical.  The  field  patterns  obtained  are  indicated 
in  Figure  3. 

The  electronic  system  used  to  measure  the  amplitude  and  phase  of  the  scattering 
matrix  elements  is  shown  in  Figure  4.  As  shown  in  the  figure,  this  system  is  oper¬ 
ated  at  the  IF  level  of  a  range-gated  radar.  Both  the  amplitude  and  phase  measuring 
systems  are  comparative  type  circuits  which  allow  cross  section  to  be  recorded  in 
dbsm  over  a  50-db  dynamic  range  by  using  a  linear  scale  and  phase  to  be  recorded 
from  0  to  360  by  using  a  linear  scale.  The  basic  measurement  accuracy  of  the 
systems  (closed  loop)  are  ±  .  5  db  and  ±  4  degrees,  respectively,  in  operation  over 
their  dynamic  ranges.  The  50-db  dynamic  range  of  the  amplitude  system  can  be 
shifted  by  adjusting  an  RF  attenuator  in  the  transmitter  line  (or  receiver  line),  along 
with  making  a  similar  adjustment  in  the  reference  line.  Hence,  once  the  system  is 
calibrated,  measurements  can  be  made  over  the  dynamic  range  of  the  radar  system. 

The  signal-to- noise  ratios  were  determined  by  using  the  amplitude  system  to 
determine  the  noise  floor  of  the  system.  The  noise  floor  was  determined  after  adjust¬ 
ing  the  error  detector  circuit  (Figure  4)  to  give  a  zero  error  when  the  reference  signal 
was  slightly  larger  than  the  target  signal.  This  procedure  must  be  used  in  order  to 
establish  a  definitive  noise  floor  which  is  relatively  independent  of  the  time  on  target. 
That  is,  in  an  ideal  comparative  network,  the  average  error  signal  is  a  function  of  the 
integration  time,  and  the  system  will  tend  to  track  into  the  noise  if  zero  error  occurs 
when  the  reference  signal  is  equal  to  the  target  signal.  However,  if  the  error  circuit 
is  so  adjusted  that  zero  error  occurs  when  the  reference  signal  is  slightly  larger  than 
the  target  signal,  then  the  system  will  exhibit  a  definitive  noise  floor  which  is 
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Fig.  3  VERTICAL  FIELD  PROBE  DATA 
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relatively  independent  of  the  integration  time.  The  level  of  the  noise  was  determined 
by  plotting  the  recorded  error  of  cross  section  as  a  function  of  a  calibrated  attenuator. 
The  noise  level  was  determined  by  noting  the  cross  soction  level  at  which  a  3-db  error 
occurred. 

This  procedure  is  based  on  the  assumption  that,  on  the  average,  the  noise  power 
oN  adds  to  the  signal  power  Op  so  that  the  measured  cross  section,  cr^,  is  given  by 


aM  *  ®T  +  °N  ’  °T  O' 


(17) 


By  use  of  Equation  17,  it  is  seen  that  the  error,  E  =  is  3  db  whenever 

oN  =  Op.  A  plot  of  the  theoretical  error  and  the  measured  error  is  shown  in  Figure  5. 
To  plot  the  measured  data  in  this  figure,  the  measured  errors  for  the  large 
ratios  ®.  >  those  >20  db)  were  used  to  determine  the  ratios  of  oWa™  at  the  lower 
ratios  since  In  these  cases  10  Log  E  is  approximately  equal  to  10  Log  Ojf/Qrj,. 
The  data  plotted  in  Figure  5  indicates  that  Equation  17  is  representative  of  the  type 
of  error  to  be  expected  in  the  measured  cross  section  as  a  function  of  signal-to-noise 
ratio. 


The  phase  measurement  system  is  described  in  detail  in  Reference  3.  Basically, 
the  system  is  an  absolute  phase  measurement  system  which  measures  phase  by  com¬ 
paring  the  phase  of  a  reference  signal  and  target  signal  with  that  from  a  coherent 
oscillator;  a  voltage  which  1s  a  function  of  these  phase  differences  is  used  to  servo  a 
calibrated  phase  shifter  to  minimize  the  difference  between  the  reference  signal  and 
the  target  signal. 

The  primary  error  sources  associated  with  an  absolute  phase  measuring  system 
are  frequently  drift  and  target  motion.  The  expression  for  the  phase  error  caused  by 
these  factors  is  indicated  in  Equation  18. 


.  _  4TTAd  47TR/5f  4irAdAf 

j—~  C  C 

T  o 


(18) 


Where 

Ad  =  radial  motion  due  to  target 

Af  =  frequency  deviation  relative  to  the  calibration  frequency  f 
R  =  range  to  target 

g 

C  =  3  x  10  meters/second 

The  last  term  on  the  right  of  Equation  18  is  a  second  order  effect,  and  only  the  first 
two  terms  need  be  considered.  To  demonstrate  the  requirements  placed  on  target 
motion  during  operation  at  3  gigahertz,  note  than  when  Ea  <7.2  degrees,  Ad<.  1 
centimeter.  Also,  in  the  case  of  the  operating  range  used  during  the  measurement 
program  (R  fts  800  feet),  E^  <7.2,  Af  <1.  25  kilohertz  which  is  an  oscillator  stability 
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g 

requirement  of  better  than  1  part  in  10  .  The  equipment  was  designed  by  using  & 
reference  oscillator  rated  at  1  part  in  107.  Several  tests  were  conducted  by  using  the 
secondary  standard  (R  ~  1200  feet)  for  frequency  drift  in  which  the  phase  deviation  as 
a  function  of  time  was  noted.  The  maximum  deviation  noted  during  these  tests  was 
15  degrees  over  a  time  period  of  30  minutes;  this  result  indicates  a  short-term  fre¬ 
quency  stability  of  better  than  1  part  in  106. 

The  long-term  stability  can  be  determined  by  measuring  the  phase  difference 
between  data  obtained  at  the  beginning  of  a  measurement  series  and  data  on  the  same 
target  at  the  end  of  the  measurement  series.  Since  the  target  has  not  been  moved 
during  this  time  period  (except  for  minor  fluctuations  caused  by  wind),  the  distances 
between  the  radar  reference,  secondary  standard,  and  target  can  be  considered  a 
constant.  Hence,  using  Equation  18,  the  frequency  drift  can  be  measured  by  compar¬ 
ing  phase  data  obtained  for  the  same  polarization  conditions  and  using  the  range  be¬ 
tween  the  secondary  standard  and  target  (  ~  400  feet).  (Note  that  the  pre  and  pest 
calibration  data  in  Table  1  cannot  be  used  for  a  test  of  this  type  since  the  separation 
between  corner  and  sphere  could  have  been  different  in  the  pre  calibration  than  in 
post  calibration;  that  <s,  the  sphere  was  not  mounted  exactly  at  the  center  of  rotation 
of  the  target  rotator.  ].  However,  care  must  be  taken  to  note  if  any  constant  phase 
shifts  were  incurred  between  the  time  the  range  gate  was  centered  over  the  secondary 
standard  and  the  time  the  target  was  measured.  Shifts  of  this  type  were  noted  during 
the  program  but  were  compensated  for  when  processing  the  data.  These  shifts  were 
partially  correlated  with  power  line  transients.  In  Figure  6,  portions  of  two  phase 
plots  of  the  same  target  taken  26  hours  apart  are  shown.  Comparison  of  the  phase 
data  indicates  that  on  the  average  the  phase  is  within  8  degrees  which  indicates  a  long 
term  frequency  stability  of  approximately  1  part  in  1C15.  Inspection  of  data  presented 
in  Section  III  indicates  a  similar  degree  of  phase  stability  as  indicated  above  by  com¬ 
paring  phase  data  obtained  at  the  high  S/N  levels.  However,  in  some  cases  there  are 
noticeable  constant  phase  shifts  caused  by  system  transients  as  discussed  above.  The 
magnitude  of  phase  perturbations  caused  by  target  motion  are  also  indicated  in 
Figure  6  although  these  plots  were  taken  under  quite  calm  wind  conditions  (<  5  knots) 
which  were  typical  of  the  conditions  present  when  measurements  were  obtained. 
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VEHICLE  PHASE  DATA  RECORDED  AT  DIFFERENT  TIMES 


SECTION  in 


MEASUREMENT  AND  COMPUTATION  PROGRAMS 


In  order  to  obtain  data  pertaining  to  a  large  class  of  targets,  the  vehicles  were 
selected  for  measurement  on  the  basis  of  the  type  of  scattering  matrix  they  would  tend 
to  exhibit.  The  signal-to-noise  ratios  used  in  measuring  the  scattering  matrices  were 
selected  so  that  the  amplitude  elements  of  the  linear  scattering  matrix  varied  between 
no  error  due  to  noise  and  noise  alone.  This  same  criterion  was  applied  to  all  three 
targets  measured  in  order  that  the  degradation  of  each  target  could  be  compares  in 
terms  of  S/N. 

t 

The  effect  of  noise  degradation  on  scattering  matrix  usa&e  was  measured  by 
computing  cross  section. and  phase  at  selected  polarization  conditions.  The  same 
computations  were  made  for  each  of  the  S/N  conditions  at  which  the  scattering  matrix 
was  measured.  The  computed  data  obtained  by  using  the'  matrix  which  represented 
the  best  S/N  condition  was  then  used  as  reference  data  for  generating  the  errors 
incurred  at  the  lower  3/N  conditions.  The  polarizations  used  in  obtaining  cross  sec¬ 
tion  and  phase  were  selected  to  obtain  transformation  characteristics  considered 
representative  of  those  which  would  be  observed  in  a  general  polarization  study. 

Vehicles  Measured  / 

The  vehicles  measured  in  this  study  were  chosen-do  order  to  obtain  three  distinct 
types  of  matrices.  The  first  model  was  designed  to  give  a  matrix  so  that  the  amplitude 
of  its  elements  would  nominally  have  the  same  average  value  but  v\,uld  vary  rapidly 
relative  to  each  other  as  a  function  of  azimuth.  The  second  model  was  designed  so 
that  the  phase  of  its  matrix  elements  would  vary  rapidly  relative  to  each  other  as  a 
function  of  azimuth.  The  third  model  was  to  exhibit  the  scattering  characteristics  of 
a  ’typical"  aerospace  vehicle.  Throughout  the  remainder  of  the  report,  the  vehicles 
associated  with  the  above  three  types  of  matrices  will  be  referred  to  as  Models  1,  2, 
and  3,  respectively. 

The  first  two  types  of  targets  exhibit  the  characteristics  of  a  complex  target  which 
is  measured  in  and/or  near  the  resonance  region,  that  is,  a  target  which  has  a  quite 
complex  current  distribution  and  is  quite  sensitive  to  the  polarization  of  the  transmitter 
and  receiver.  The  first  target  is  primarily  amplitude  sensitive,  and  the  second  type 
is  phase  (and  possibly  amplitude)  sensitive.  The  third  type  of  model  was  also  chosen 
of  such  a  size  that  would  provide  a  matrix  characteristic  of  a  physical  optics  type 
scatterer  over  a  substantial  azimuth  region,  i.  e. ,  (<7vh«  °VV  ~ 

To  obtain  a  matrix  of  the  first  type,  Model  1  was  a  torroid  constructed  of  wire 
mesh  and  mounted  at  45  degrees  as  indicated  in  Figure  7  aandb.  The  dimensions  of  the 
torroid  and  wire  mesh  were  chcsen  so  that  the  loop3  of  the  mesh  were  resonant 
(Reference  4)  and  the  torroid  cylinder  was  5  A  in  diameter.  Use  of  this  design  resulted 
in  an  extremely  polarization-sensitive  target  which  exhibited  the  desired  characteristics. 

The  matrix  of  the  second  type  was  achieved  by  adding  a  vertical  dipole  to  Model  1 
as  Indicated  In  Figure  7b.  The  size  of  the  dipole  was  chosen  so  that  the  cross  section 
was  as  large  as  or  larger  than  the  cross  section  of  Model  1  for  the  case  of  (TV,  RV), 
Under  these  conditions  the  phase  center  of  the  scattered  wave  will  tend  to  be  spatially. 
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Fig.  7  SKETCHES  AND  ORIENTATION  OF  MODELS  1  AND  2 


located  near  the  dipole  whereas  in  the  case  of  (TH,  RH)  the  phase  center  will  be 
located  inside  the  torroid  as  in  the  case  of  Model  1.  Hence,  because  of  the  spatial 
separation  between  the  dipole  and  torroid,  a  large  and  rapid  phase  variation  between 
elements  of  the  matrix  was  anticipated  and  observed. 

The  third  type  of  matrix  was  generated  by  using  a  typical  aerospace  vehicle  which, 
as  desired,  produced  a  significant  amount  of  specular  reflection  in  the  broadside 
regions. 


Signal-to- Noise  Criteria 

hi  order  to  cover  the  range  from  no  degradation  to  complete  degradation  of  the 
scattering  matrix  as  a  function  of  S/N,  the  reference  used  for  setting  the  ratios  was 
the  largest  cross  section  of  the  linear  matrix  elements.  This  largest  cross  section 
value  was  obtained  under  the  (TV,  RV)  conditions  for  all  three  models.  By  use  of 
this  reference,  the  S/N  in  db  was  set  to  obtain  data  at  0,  3,  6,  12,  24,  X,  and  maxi¬ 
mum  by  adjusting  an  attenuator  placed  in  the  transmitter  line.  The  X-db  3/N  was 
determined  by  inspection  of  the  cross  section  dynamic  range  of  the  matrix  elements 
of  each  model.  The  value  of  X  for  each  model  was  set  to  be  slightly  less  than  the 
dynamic  range  of  the  matrix  elements.  In  the  case  of  Model  1,  X  =  35  db,  Model  2, 
X  =  42  db  and  Model  3,  X  =  52  db.  The  maximum  S/N  level  in  all  three  cases  was 
greater  than  or  equal  to  60  db. 

Although  the  S/N  reference  criterion  outlined  above  was  a  practica1  means  of 
obtaining  data  at  various  levels  of  degradation,  from  the  standpoint  of  ialyzing  the 
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data,  a  more  practical  criterion  was  considered  to  be  a  reference  based  on  the  use  of 
the  average  cross  section  level  of  the  largest  term  of  the  scattering  matrix.  In  other 
words,  when  a  radar  design  is  being  considered  or  a  measurement  criterion  is  being 
selected,  the  average  cross  section  level  of  a  particular  class  of  targets  would  most 
likely  be  chosen  rather  than  the  peak  cross  section.  The  degradation  curves  presented 
later  in  this  report  demonstrate  the  difference  between  which  type  of  reference  is  used 
as  a  function  of  the  type  of  model  matrix. 

Measured  Data 

The  amplitude  and  phase  data  was  recorded  on  analog  plots  and  digital  tape.  The 
azimuth  recording  increment  of  the  digits.!  system  was  0. 1  degree.  The  resolution  of 
the  digital  amplitude  encoder  was  C.  1  db  and  that  of  the  phase  encoder  was  1  degree. 
The  analog  plots  of  the  amplitude  and  phase  of  the  matrix  elements  of  each  of  the  three 
models  are  shown  in  Figures  8  through  31  for  the  case  of  maximum  S/N.  The  impli- 
tude  plots  read  directly  in  decibels  relative  to  a  square  meter  (dbsm)  and  the  phase 
plots  in  degrees. 

In  Figures  32  through  67  are  shown  the  cross  section  and  phase  plots  of  each  model 
fcr  the  case  of  (TV,  RV)  as  a  function  of  S/N.  These  plots  are  typical  of  the  effect  of 
degradation  caused  by  the  noise  observed  on  other  elements  of  the  matrix.  On  each  of 
the  plots,  the  noise  level  is  indicated  in  dfcsm.  In  Figures  8,  16,  and  24,  the  average 
cross  section  level  is  indicated.  These  average  values  were  used  to  determine  the 
S/N  levels  by  using  an  average  as  reference. 

Computed  Cross  Section  and  Error 

The  data,  as  illustrated  in  Figures  8  through  67,  waa  used  to  generate  degrada¬ 
tion  information  as  a  function  of  S/N  and  model.  In  addition,  the  cross  section  and 
phase  for  the  condition  (Tff/4,  R  1?  /4)  were  computed  for  each  model  for  the  case  of 
maximum  S/N  and  compared  with  data  measured  for  this  condition. 

The  computations  were  baaed  on  the  expression  for  cross  section  and  phase  given 
in  Equation  19  which  was  obtained  from  Equation  2. 

°tr  *  V  Sta2}-,  +  °HH  008 


\fj  a  r 

+  — 2 Sin  2 yf  Cos  (i p  + 

+  ffyjj  j^Cos2yt  Sin2yr  +  Sin2yt  Cos2yr 

+  1/2  Sin  2y  Sin  2y  Cos  (5.  - 
i  r  i 


5t + 
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+  ^^VV^VH 


Sin  2yt  Sin2yr 


Cos  (  9  +  6  ) 


+  Sin  yfc  Sin  2yr  Cos  (  9  + 


v] 


+  'ft  HH  aVH 


Sin 


2yr  Cos Cos  (9  -  rf/  »  6r) 


+  Cos2yrSini  2yfc  Cos  (9-  xf/  -  6fc)  j 

$  tr  =  ^tr  ‘  =  ***  [^tr  "  ^w] 


(19) 


5  "  ^VH  ‘ 


In  each  of  the  model  studies,  a  set  of  reference  data  was  generated  by  processing 
the  data  obtained  for  the  condition  of  maximum  S/N  and  storing  this  data  on  magnetic 
tape.  Cross  section  and  phase  were  computed  for  each  of  the  polarizations  (TR,  RR), 
(TR,  RL),  (TR,  RV).  (TR,  RH),  and  (T  */4,  R  n/4).  The  data  obtained  at  other  S/N 
ratios  was  then  processed  for  the  same  polarization  conditions.  At  each  azimuth 
point  the  cross  section  and  phase  computed  for  the  lower  S/N  ratios  were  compared 
with  the  reference  data,  and  the  differences  in  j  db  |  and  |  phase  |  were  stored  as 
error  for  each  of  the  polarization  conditions.  As  illustrated  in  Tables  3  through  6, 
the  data  was  printed  out  for  each  of  the  conditions  indicated  above.  In  addition,  on 
the  basis  of  all  five  polarizations,  the  error  data  generated  at  each  S/N  condition  was 
used  to  generate  cumulative  error  curves  for  phase  and  amplitude.  The  cumulative 
curves  were  obtained  by  dividing  the  dynamic  range  of  the  error  data  into  one  hundred 
parts.  The  dynamic  range  of  the  phase  error  is  <180  degrees,  but  on  amplitude  error 
there  is  no  bound.  Hence  a  bound  of  60-db  error  was  used  in  order  to  keep  the  reso¬ 
lution  elements  of  the  amplitude  cumulative  near  or  less  than  0. 5  db.  Although  the 
number  of  data  points  used  to  obtain  each  cumulative  curve  varied  somewhat  because 
of  the  azimuth  correlation  of  the  three  input  tapes  needed  for  each  run,  on  the  average, 
approximately  15, 000  data  points  were  used  to  obtain  each  cumulative  curve. 
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10  MODEL  1  CROSS  SECTION  FOR  (TV, RH) 


MODEL  1  PHASE  FOR  (TV.RH) 
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Fig.  13  MODEL  1  PHASE  FOR  (TH,RV) 
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MODEL  1  PHASE  FOR  (TH.RH) 


Fig.  17  MODEL  2  PHASE  FOR  (TV,RV) 
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Fig.  18  MODEL  2  CROSS  SECTION  (T\ 
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Fig.  20  MODEL  2  CROSS  SECTION  FOR  (TH,  RV) 


2  PHASE  FOR  (TH,  RV) 


42 


23  MODEL  2  PHASE  FOR  (TH,  RH) 
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Fig.  29  MODEL  3  PHASE  FOR  ft H,  RV) 
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Fig.  30  MODEL  3  CROSS  SECTION  FOR  (TH,  RH) 
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Fig.  35  MODEL  3  PHASE  FOR  S/N  =  24  db 


Fig.  37  MODEL  3  PHASE  FOR  S/N  12  db 
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Fig.  39  MODEL  3  PHASE  FOR  S/N  =  6  db 


Fig.  44  MODEL  2  CROSS  SECTION  FOR  S/N  =  42  db 


Fig.  45  MODEL  2  PHASE  FOR  S/N  =  42  db 


Fig.  47  MODEL  2  PHASE  FOR  S/N  =  24  db 
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48  MODEL  2  CROSS  SECTION  FOR  S/N  =  12  db 
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Fig.  49  MODEL  2  PHASE  FOR  S/N  =  12  db 
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Fig.  50  MODEL  2  CROSS  SECTION  FOP  S/N  -  6  db 


Fig.  51  MODEL  2  PHASE  FOR  S/N  *■  6  db 


PHASE  FOR  S/N  =  0  db 
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Fig.  65  MODEL  1  PHASE  FOR  S/N  =  3  db 


Table  3 

COMPUTED  RESULTS  FOR  MODEL  1  REFERENCE  DATA  (TR.RL) 

GENERAL  0?NAWlC$/FGRT  WORTH 

F72  FRUfl  0354TJ- 002 

DATE  06/16/65  PAGE  055 

GAMMA 

8  GAHN4  T  DELTA  ft:  DELTA  T 

0-7853981  0,7853981  i 

.5707963  -1.5707963 

AEIMUTH 

SIGH  A 

PHASE 

SIGMA  AMPLITUDE  PHASE 

IN 

IN 

IN 

IN  ERROR  IN  ERROR  IN 

DEGREES 

SQUARE  METERS 

DEGREES 

DSSM  DBSK  DEGREES 

180. 1 

e. 16962-01 

-34.31 

-17.7052 

180.0 

0.16612-01 

-34.50 

-17.7958 

179.9 

0.14063-01 

-38.48 

-18.5192 

179.8 

0.11716-01 

-40.37 

-19.3120 

179.7 

0.ri516-0l 

-40.69 

-19.3870 

179.6 

0.10247-01 

-42.15 

-19.8939 

179.5 

0. 88889- J2 

-44.17 

-20.5115 

179.3 

0.77196-02 

—46. 16 

-21.1241 

179.2 

0.67906-02 

-47.06 

-21.6809 

179.0 

0.44400-02 

-50,77 

-23.5262 

178.9 

0.40039-02 

-53.16 

-23.9752 

178.7 

0.27964-02 

-55.29 

-25.5340 

178.6 

0.26763-02 

-55.25 

-25.7247 

176.4 

0.21110-02 

-59.27 

-26.7552 

17»*,3 

0.S7484-02 

-64.88 

-27.5736 

lV.i.» 

0.17224-02 

—67.95 

-27.6388 

178.-0 

0.14475-02 

-70. 94 

-28.3939 

177.9 

0.15555-02 

-72.39 

-28.0814 

177.8 

0.11815-02 

-76.78 

-29.2757 

177.7 

0.12794-02 

-79.25 

-28.9299 

177.6 

0.93449-03 

-81.98 

-30.2942 

177.4 

0.62928-03 

-82.69 

-3P.8130 

177.3 

0.85927-03 

-86. C2 

-30.6587 

177.1 

0.93416-03 

-86.82 

-30.2958 

177.0 

0.93226-03 

-84.75 

-30.3046 

176.8 

0.96276-03 

-86.21 

-30.1648 

176.7 

0.15849-02 

-S3. 31 

-28.0000 

176.5 

0.15192-02 

-92.46 

-28.1838 

176.4 

0.17019-02 

-79.24 

-27.6908 

176.3 

0.17019-02 

-79.24 

-27.6908 

176.2 

0.19371-02 

-76.23 

-27.1286 

176.1 

0.24415-02 

-71.39 

-26.1234 

175.9 

0.27740-02 

-67.55 

-25.5689 

175.8 

0.31454-02 

-63.97 

-25.0233 

175.6 

0.35765-02 

-61.71 

-24.4654 

175.5 

0  .407. '>3-02 

-57.96 

-23.8078 

175.3 

0. 54197-02 

-52.19 

-22.6603 

175.2 

0.56073-02 

-52.18 

-22.5124 

175.1 

0.67148-02 

-48.64 

-21.7291 

174.9 

0.74610-02 

-46.48 

-21.2720 

174.7 

0.93306-02 

-42.22 

-20.3009 

174.6 

0.96895-02 

-41.84 

-20.1370 

174.5 

C. 10778-01 

-40.33 

-19.6748 

174.3 

0.12250-01 

-38.54 

-19.1187 
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Table  4  COMPUTED  RESULTS  FOR  MODEL  1  S/N  =  35  db  (TR.RL) 


GENERAL  OYNAHICS/fGAT  WORTH  F72  PROS  035473-002  OATE  06/16/65  PAGE  322 


GAMMA  R  GAMMA  T 
0.7853981  0.7853981 


AZIMUTH 

SIGMA 

IN 

IN 

DEGREES 

SQUARE  METERS 

180.0 

0.14212-01 

179.9 

0.14876-01 

179.8 

0.13819-01 

179.7 

0.12578-01 

179.6 

0.12157-01 

179.5 

0.10368-01 

179.3 

0.86674-02 

179.2 

0.75906-02 

179.1 

0.62015-02 

179.0 

0.66958-02 

178.9 

0.53985-02 

178.7 

0.41054-02 

178.6 

0.39379-02 

178.4 

0.29421-02 

178.3 

0.25302-02 

178.1 

0.20671-02 

177.9 

0.21437-02 

177.8 

0.11322-02 

177.7 

0.18494-02 

177.6 

0.18467-02 

177.3 

0.15658-02 

177.1 

0.14987-02 

177.0 

0.14582-02 

176.9 

0.13068-02 

176.3 

0.  13882-02 

176.7 

0.17478-02 

176.5 

0.18794-02 

176.4 

0.22737-02 

176.3 

0.20021-02 

176.2 

0.25433-02 

176.1 

0.29007-02 

175.9 

0.28493-02 

175.8 

0.35483-02 

175.7 

0.39812-02 

175.6 

0.39630-02 

175.5 

0.42762-02 

175.3 

0.54792-02 

175.1 

0.64401-02 

174.9 

0.69971-02 

174.8 

0.78545-02 

174.7 

0.87892-02 

174.6 

0.91648-02 

174.5 

0.10208-01 

174.3 

0.11555-01 

OELTA  R  OELTA  T 
1.5707963  -1.5707963 


PHASE 

SIGMA 

IN 

IN 

DEGREES 

OBSM 

-41.33 

-18.4733 

-40.60 

-18.2750 

-42.14 

-18.5953 

-42.93 

-19.0038 

-43.85 

-19.1518 

-45.87 

-19.8430 

-49.05 

-20.6211 

-51.31 

-21.1972 

-53.34 

-22.0750 

-52.49 

-21.7420 

-56.95 

-22.6772 

-61.58 

-23.6665 

-63.90 

-24.0474 

-69.50 

-25.3135 

-73.29 

-25.9685 

-78.07 

-26.8464 

-79.55 

-26.6885 

-93.78 

-29.4607 

-87.78 

-27.3297 

-89.63 

-27.3360 

-93.55 

-28.0527 

-94.48 

-28.2428 

-100.14 

-28.3618 

-103.57 

-28.8378 

-103.98 

-28.5753 

-96.66 

-27.5750 

-94.08 

-27.2597 

-87.97 

-26.4326 

-90.26 

-26.9851 

-83.02 

-25.9460 

-78.43 

-25.3749 

-71  .49 

-25.4526 

-71.04 

-24.4998 

-67.70 

-23.9999 

-66.87 

-24.0197 

-65.54 

-23.6894 

-57.80 

-22.6129 

-53.16 

-21.9111 

-50.81 

-21.5508 

-48.60 

-21.0488 

-46.47 

-20.5605 

-45=72 

-20=3708 

-44.14 

-19.9108 

-41.46 

-19.3724 

AMPLITUDE 

PHASE 

ERROR  IN 

ERROR  IN 

08SM 

OEGREES 

0. 67754*00 

4.83 

0.24412-00 

2.12 

0.71671*00 

1.77 

0.38316-00 

2.23 

0.74208*00 

1.70 

0.66850*00 

1.70 

0.50297*00 

2.88 

0.48367-00 

4.26 

*** 

*** 

0. 17842*01 

1.73 

0. 12  179*01 

3.79 

0-.  16676*01 

6.29 

0.16773*01 

8.65 

0.14417*01 

10.23 

0.16051*01 

8.41 

0.79236*00 

10.11 

0.13929*01 

7.16 

0.18501-00 

17.01 

0.16002*01 

8.54 

0.29582*01 

7.65 

0.26061*01 

7.53 

0.20530*01 

7.66 

0.19428*01 

15.39 

*** 

*** 

0.15895*01 

17.76 

0.42500-00 

13.34 

0.92407*00 

11.62 

0.12582*01 

8.73 

0.70569*00 

11.03 

0.11826*01 

6.79 

0.74843*00 

7.04 

0.11630-00 

9.93 

0.52345*00 

7.07 

*•* 

*** 

0.44571-00 

5.16 

0.19837-00 

7.58 

0.47399-01 

5.61 

0.18138-00 

4.52 

0.27879-00 

4.33 

*** 

*** 

0.25959-00 

4.25 

0.24 181-00 

3.88 

0.23598-00 

3.81 

0.25365-00 

2.92 
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Table  5  COMPUTED  RESULTS  FOR  MODEL  3  REFERENCE  DATA 

(T  JT/4,  R7T/4) 

GFNFRAl  DYK&M ICS /FOR  f  WORTH  F72  PROO  035436-002  DATF  Oft/lS/hS  PAGE  230 


GAMMA  R  GAMMA  T  OELTA  R  OELTA  T 

0.7853981  0.7R53981  0.  0. 


AZIMUTH 

SIGMA 

PHASE 

SIGN* 

AMPL1TU0E 

IN 

IN 

IN 

IN 

ERROR  IN 

OEGREES 

SQUARE  METERS 

OEGREES 

DR  SH 

DRSM 

180.0 

0.73076-00 

9.21 

-8.8352 

179.9 

0.  12694-00 

9.91 

-8.9640 

I  79c  7 

0.12799-00 

9.42 

-8.9281 

179.6 

0.17369-00 

10.06 

-9.0767 

179.5 

0.  12002-00 

10.42 

-9.2074 

179.4 

0.  12064-00 

8.77 

-9.1550 

179.3 

0.11912-00 

9.32 

-9.7402 

179.2 

0.12029-00  - 

10.53 

-9.1976 

179.1 

0.11394-00 

9.70 

-9.433? 

179.0 

0. 11382-00 

9.47 

-9.4779 

173.9 

0.11072-00 

8.33 

-9.5576 

178.8 

0.11072-00 

8.33 

-9.5576 

178.7 

0.11126-00 

9.13 

-9.5366 

178.6 

0.11320-00 

9.  15 

-9.4614 

178.5 

0.10706-00 

10.01 

-9.6836 

178.4 

0.10635-00 

8.69 

-9.7326 

178.3 

0.  10387-00 

9.92 

-9.8351 

178.1 

0.10635-00 

10.10 

-9.7327 

178.0 

0.10662-00 

9.66 

-9.7624 

177.9 

0.  10261-00 

9.5? 

-9.8881 

177.8 

0.99377-01 

10.03 

-10.0293 

177.7 

0.98437-01 

10.91 

-10.0686 

177.6 

0.92877-01 

9.74 

-10.3209 

177.5 

0.97084-01 

9.37 

-10.1285 

177.3 

0.85672-01 

10.80 

-10.6716 

177.2 

0.85257-01 

10.12 

-10.6927 

177.1 

0.84386-01 

9.88 

-10.7773 

176.9 

0.86692-01 

9.56 

-10.6202 

176.7 

0.87171-01 

10.88 

-10.Rt:03 

176.6 

0.86068-01 

11.70 

-10.6516 

176.5 

0.75338-01 

11.36 

-11.2299 

176.4 

0.78699-01 

12.54 

-11.0403 

176.3 

0.76869-01 

11.39 

-11.1425 

176.2 

0.71955-01 

11.84 

-11.4294 

176.1 

0.73652-01 

10.26 

-11.3282 

175.9 

0.71763-01 

11.85 

-11.4410 

175.8 

0,70367-01 

13.31 

-11.5263 

175.6 

0.71895-01 

13.93 

-11.4330 

175.5 

0.67897-01 

12.26 

-11.6015 

175.3 

0.65378-01 

12.76 

-11.8457 

175.2 

0.66068-01 

16.07 

-11. 8663 

175.1 

0.63677-01 

14.40 

-11.9629 

175.0 

0.60195-01 

13.12 

-12.2044 

174.9 

0.59667-01 

16.43 

-12.2430 

PHASE 
ERROR  IN 
OEGREES 
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Table  6  COMPUTED  RESULTS  FOR  MODEL  3  S/N  =  24  db 

(T  7T/4,  R  tr/4) 


GENERAL  DYNAHICS/FORT  WORTH  FT2  PROS  035436-002  OATE  06/15/65  PAGE  788 


GAMMA  R  GAMMA  T  OFITA  R  OELTA  T 

0.7853981  0.7853981  0.  0. 


AZIMUTH 

sigma 

PHASE 

SIGMA 

ANPLlTUOE 

PHASE 

IM 

IN 

IN 

IN 

ERROR  IN 

ERROR  IN 

DEGREES 

SQUARE  METERS 

OEGREFS 

ORSM 

OBSM 

DEGREES 

18C.4 

0.18174-00 

7.99 

-7.4055 

*** 

■so# 

180.2 

0.17799-00 

8.17 

-7.4959 

*** 

*** 

180.1 

0.18424-00 

9.32 

-7.3462 

*•* 

*** 

180.0 

0. 16777-00 

7.00 

-7.7528 

0. 10825*01 

2.21 

179.9 

0.17758-00 

10.39 

-7.5060 

0. 14579*01 

3.48 

179.8 

0.16299-00 

9.60 

-7.8785 

*** 

•  ** 

179.7 

0.15383-00 

9.77 

-8.1295 

0. 79858*00 

0.35 

179.6 

0.14577-00 

8.09 

-8.3633 

0.71 346*C0 

1.97 

179,5 

0.14577-00 

8.09 

-8.3633 

0. 84409*00 

2.33 

179.4 

0.14389-00 

7.37 

-8.4198 

0.75514*00 

1.40 

179.2 

0.14721-00 

7.53 

-8.3206 

0.87695*00 

2.99 

179.1 

0.15239-00 

8.15 

-8.1703 

0.12629*01 

1.55 

179.0 

0.15878-00 

12.03 

-7.9920 

0.14459*01 

2.65 

178.9 

0. 14867-00 

11.49 

-8.2779 

0. 12797*01 

3.15 

178.8 

0.14369-00 

11.43 

-8.4256 

0.11320*01 

3.10 

178,6 

0.14842-00 

10.57 

-8.2850 

0.11764*01 

1.42 

178.5 

0.15049-00 

10.74 

-8.2250 

0.14585*01 

0.72 

178.4 

0.15322-00 

11.00 

-8.1467 

0.15859*01 

2.30 

178.3 

0.14870-00 

9.06 

-8.2768 

0.15583*01 

0.86 

178.2 

0.13361-00 

11.07 

-8.7418 

*** 

*** 

178.0 

0.13618-00 

10.58 

-8.6587 

0.11037*01 

0.92 

177.9 

0.13480-00 

10.27 

-8.7031 

0.11850*01 

0.75 

177.8 

0.13494-00 

11.09 

-8.6987 

0.13306*01 

1.06 

177.7 

0.14209-00 

11.33 

-8.4745 

0.15942*01 

0.42 

177.6 

0.14376-00 

11.10 

-8.4237 

0.18972*01 

1.37 

177.4 

0. 13312-00 

11.85 

-8.7575 

*«■* 

*** 

177.3 

0.12140-00 

11.57 

-9.1577 

0.15139*01 

0.77 

177.2 

0.11965-00 

13.75 

-9.2209 

0.14718*01 

3.63 

177.1 

0.12510-00 

13.58 

-9.0274 

0.17090*01 

3.69 

177.0 

0.12647-00 

14.04 

-8.9802 

*** 

«** 

176.9 

0.12522-00 

13.32 

-9.0234 

0.15968*01 

3.77 

176.8 

0.10471-00 

12.55 

-9.8002 

*** 

*** 

176.6 

0.96859-01 

14.02 

-10.1386 

0.51294*00 

2.31 

176.5 

0. 10219-00 

14.63 

-9.9060 

0.13239*01 

3.27 

176.4 

0.10030-00 

14.95 

-9.9868 

0.10535*01 

2.41 

176.3 

0. 10484-00 

15.44 

-9.7949 

0.13475*01 

4.05 

176.2 

0.10403-00 

16.17 

-9.8285 

0.16009*01 

4.33 

176.0 

0.10351-00 

16.73 

-9.8502 

*** 

*** 

175.8 

0.10258-00 

16.64 

-9.8893 

0.16370*01 

3.33 

175.7 

0.10391-00 

20.80 

-9.8333 

*** 

*** 

175.6 

0.91863-01 

19.00 

-10.3686 

0.10644*01 

5.07 

175.5 

0.98945-01 

18.51 

-10.0461 

0.16354*01 

6.25 

175.4 

0.93850—01 

18.13 

-10.2756 

*** 

*** 

175.2 

0.91128-01 

18,  28 

-10.4035 

0.14629*01 

2.21 
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The  cumulative  error  curves  for  each  of  the  models  are  presented  in  Figures 
68  through  79.  In  Figures  68  through  73,  the  degradation  curves  are  labeled  by  use 
of  the  maximum  cross  section  reference  whereas  In  Figures  74  through  79,  die  curves 
are  labeled  by  use  of  the  average  dbsm  reference  of  the  largest  element  of  the  model 
matrix.  Inspection  of  the  scattering  patterns  of  the  three  models  Indicates  why  the 
cur>  es  based  on  th<;  use  of  the  maximum  as  reference  Indicates  that  Models  1  and  2  are 
degraded  much  less  than  Model  3,  but  when  the  average  Is  used  as  a  reference,  this 
situation  Is  slightly  reversed.  That  is,  the  average  levels  of  Models  1  and  2  are  much 
closer  to  their  maximum  references  than  In  the  case  of  Model  3.  Hence  the  degradation 
references  used  in  the  rase  of  Models  1  and  2  are  shifted  much  less  than  the  references 
used  for  Model  3.  When  the  average  reference  level  is  used,  the  degradation  data 
tends  to  become  normalized  in  that  the  amount  of  degradation  as  a  function  of  S/N 
tends  to  become  independent  of  the  model.  This  trend  is  of  course  a  consequence  of 
averaging  and  supports  the  selection  of  an  average  reference  level  as  the  more  practi¬ 
cal  criterion  for  use  in  discussing  the  result,’,  of  the  study. 

The  polarizations  which  were  used  in  the  study  were  selected  to  give  transforma¬ 
tions  considered  typical  of  the  type  most  lik'-dy  to  be  used.  In  all  but  one  case,  <TR, 
RR),  the  polarizations  were  basically  nonortnogonal  typ>e  polarizations.  That  is,  the 
absolute  value  of  the  transmitter  rector  times  the  receiver  vector  (dot  product)  was 
maintained  near  the  maximum  value  in  four  of  the  five  polarizations  used.  However, 
one  orthogonal  polarization  was  used  (TR,  RR)  since  this  operation  must  be  performed 
in  cases  vrfcere  the  linear  scattering  matrix  is  transformed  to  the  circular  scattering 
matrix  (see  Section  II).  However,  the  accuracy  of  this  computation  depends  on  the 
difference  of  two  cross  sections  (oyv»  °Hh)  which  are  often  approximately  equal  in 
magnitude  and  phase  (refer  to  Equation  6).  Hence  small  errors  in  the  measured  data 
tend  to  produce  large  errors  in  computed  cross  section  for  this  and  other  conditions  of 
orthogonal  polarization.  In  the  case  of  Models  1  and  2,  this  tendency  was  suppressed 
by  the  design  of  the  models.  However,  in  the  case  of  Model  3,  there  were  several 
regions  where  the  above  "error  amplification  tendency"  was  quite  noticeable. 

In  the  case  of  each  model ,  the  largest  S/N  degradation  curve  is  indicative  of  the 
bound  on  errors  generated  as  a  result  of  errors  in  the  measured  data.  In  each  of 
these  cases,  only  a  small  percent  of  the  measured  data  was  degraded  by  noise.  Hence 
a  significant  portion  of  the  errors  used  to  obtain  these  particular  curves  was  due  to 
measurement  errors ,  such  as  angular  misalignment  between  reference  data  tapes 
and  lower  S/N  data  tapes;  phase  errors  caused  by  calibration,  drift,  and  target 
motion;  amplitude  errors  caused  by  calibration  and  system  drift;  and  bad  data  points 
caused  by  the  digital  encoder.  However,  this  latter  type  of  error  was  not  observed 
in  any  of  the  data  checked.  These  inherent  system  errors  could  be  completely  elim¬ 
inated  if  S/N  levels  were  artificially  Induced  into  the  data  obtained  at  maximum  S/N. 

If  this  technique  were  used,  all  of  the  error  dat  would  be  caused  by  noise  degradation. 
However,  it  was  anticipated  that  the  measurement  errors  would  induce  only  a  small 
amount  of  additional  error  into  the  results,  and  it  was  desirable  to  obtain  data  which 
would  allow  an  estimate  of  the  effect  of  errors  from  an  actual  system  on  computations 
depending  upon  the  scattering  matrix. 

An  estimate  of  these  types  of  errors  was  investigated  by  comparing  measured  data 
with  data  computed  by  use  of  the  scattering  matrix.  Although  the  error  sources  are 
more  numerous  in  this  latter  experiment  than  the  error  sources  mentioned  earlier, 
the  results  in  most  cases  show  differences  commensurate  with  (see  section  4)  those 
indicated  by  cumulative  error  curves  for  the  best  S/N  condition  shown  in  Figures  68 
through  id. 
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CROSS  SECTION  DEGRADATION  OF  MODEL  1  BASED  ON 
MAXIMUM  REFERENCE 


CROSS  SECTION  DEGRADATION  OF  MODEL  2  BASED  ON 
MAXIMUM  REFERENCE 


0*1 


Fig.  70  CROSS  SECTION  DEGRADATION  OF  MODEL  3  BASED  ON 
MAXIMUM  REFERENCE 


IE  DEGRADATION  OF  MODEL  1  BASED  ON 
:MUM  REFERENCE 


PHASE  DEGRADATION  OF  MODEL  2  BASED  ON 
MAXIMUM  REFERENCE 


A.SE  DEGRADATION  OF  MODEL  3  RASED  ON 
XIM1IM  REFFRENCE 


ROSS  SECTION  DEGRADATION  OF  MODEL  1  BASED  ON 
VERAGE  REFERENCE 
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Fig,  76  CROSS  SECTION  DEGRADATION  OF  MODEL  3  BASED 
ON  AVERAGE  REFERENCE 
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Fig.  79  PHASE  DEGRADATION  OF  MODEL  3  BASED  ON  AVERAGE 
REFERENCE 


The  measured  and  computed  results  obtained  for  the  case  of  (T  it /4,-R  it /4)  are 
presented  in  Figures  80  through  91.  The  matrix  data  used  in  the  computations  was 
that  obtained  under  the  best  S/N  conditions.  Inspection  of  the  data  indicates  tint  re¬ 
markable  cross  section  and  phase  fidelity  is  maintained  by  use  of  the  scattering  matrix. 
This  is  most  noticeable  in  a  comparison  of  the  computed  and  measured  results  obtained 
in  the  case  of  Model  3  which  exhibits  the  finest  lobe  structure  of  the  three  models 
measured.  The  results  of  this  experiment  indicate  the  practicality  of  using  the  scat¬ 
tering  matrix  to  obtain  cross  section  and  phase  for  polarization  conditions  other  than 
Ahe  principal  polarizations  used  in  the  scattering  matrix.  Use  of  this  approach  could 
result  in  a  substantial  reduction  in  the  cost  of  obtaining  data  since  the  computation 
time  required  for  a  given  polarization  condition  is  less  than  a  minute  when  a  7090- 
type  computer  is  used  and  data  is  computed  at  every  0. 1  degree  through  360  degrees. 
Hence  the  time  involved  in  obtaining  cross  section  information  by  using  the  scattering 
matrix  versus  that  using  a  measurement  system  is  several  orders  of  magnitude  smaller. 
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83  COMPUTED  PHASE  FOR  (T  7J/4,  R  7T/4)  MODEL 


'  Fig .  85  COMPUTED  CROSS  SECTION  FOR  (T  17/4,  Rtt/4)  MODEL  2 


Fig.  87  COMPUTED  PHASE  FOR  (T  7T/4,  R  7T/4)  MODEL  2 


Fig.  89  COMPUTED  CROSS  SECTION  FOR  (T  7f/4,  R  IT /4)  MODEL  3 


Fig.  90  MEASURED  PHASE  FOR  (T  7f/4,  R  tt/4)  MODEL  3 


Fig.  91  COMPUTED  PHASE  FOR  (T  71  /4,  R  71 /4)  MODEL  3 


SECTION  IV 


The  data  presented  in  Section  III,  along  with  the  other  data  obtained  during  the 
program  provide  a  substantial  amount  of  i.iformation  for  use  in  studying  phenomena 
associated  with  target  scattering  matrices.  The  data  were  obtained  by  using  models 
which  produced  distinctly  different  types  of  matrices;  hence  the  resultant  information 
can  be  applied  to  the  study  of  a  large  cl2ss  of  scatterers.  The  conditions  under  which 
the  data  were  obtained,  along  with  the  quality  of  the  data,  provide  information  related 
to  the  feasibility  of  using  the  scattering  matrix  to  obtain  cross  section  at  arbitrary 
polarizations  rather  than  using  a  measurement  capability  to  perform  this  task. 


Although  there  are  many  investigations  which  could  be  conducted  by  using  the  data 
obtained,  the  primary  purpose  set  for  this  initial  investigation  was  to  examine  the 
influence  of  using  noisy  matrix  element  data  to  perform  cross  section  calculations  at 
other  polarizations.  The  results  o)  this  study  directly  apply  to  the  design  of  a  radar 
to  be  used  in  obtaining  scattering  matrix  data  on  a  particular  clafM  of  targets.  Con¬ 
versely,  the  results  of  the  program  indicated  the  error  to  be  expected  by  using  a 
scattering  nv**:\'  •  -1  ose  elements  were  obtained  with  an  X-db  (peak  or  average)  S/N 
revo  ;■  ptog.-tim  results  are  discussed  in  terms  of  the  degradation  curves  and  the 
computed  versus  measured  data;  other  investigations  are  then  described  in  terms  of 
those  which  could  be  performed  by  using  the  data  available  from  thiB  program;  finally, 
other  investigations  are  suggested  in  terms  of  those  which  would  yield  useful  informa¬ 
tion  concerning  the  use  of  target  scattering  matrices. 


Degradation  Results 

Although  other  parameters,  such  as  aspect  alignment  and  calibration  errors 
(phase  and/or  amplitude)  between  elements  of  the  matrix,  would  also  degrade  the 
data  obtained  from  the  scattering  matrix,  noise  degradation  is  a  common  problem 
associated  with  radar  design.  This  is  especially  true  if  the  radar  is  to  be  designed 
to  obtain  scattering  matrix  information  for  use  in  vehicle  signature  studies.  Section 
III  contains  an  outline  of  the  approach  selected  to  study  data  degradation  that  results 
from  ueing  a  scattering  matrix  whose  elements  are  degraded  by  noise. 

In  order  to  obtain  results  applicable  to  a  number  of  practical  situations,  the 
models  were  selected  to  produce  matrices  of  the  types  which  would  often  be  observed 
during  use  of  the  vehicles  and  frequencies  of  interest.  For  each  model,  thirty  six 
hundred  azimuth  points  and  five  polarizations  were  used  in  order  to  generate  an 
ensemble  of  errors  which  were  considered  representative  of  those  to  be  encountered 
in  general  via  computations  based  on  the  use  of  a  scattering  matrix  transformation. 

In  the  case  of  each  model,  the  S/N  was  varied  over  a  dynamic  range  to  obtain  data 
substantially  without  error  and  such  that  each  element  of  the  matrix  had  noise  error 
100  percent  of  the  time.  However,  because  of  the  possible  uses  of  scattering  matrix 
data,  the  results,  Figures  68  through  79,  are  difficult  to  interpret  relative  to  some 
single  criterion  of  goodness  (i.e. ,  it  is  difficult  to  draw  a  set  of  conclusions,  which 
are  quite  general  and  yet  directly  applicable  to  most  situations).  However,  the  degrada¬ 
tion  data  has  been  put  in  such  a  form  that  a  sufficient  value  of  S/N  can  be  determined 
if  the  amount  of  error  E<7  and  E<J  which  can  be  tolerated  and  certain  target  scattering 
characteristics  can  be  determined.  The  target  scattering  characteristics  which  need 
be  determined  are  the  type  matrix  properties  as  classified  for  Models  1,  2,  and  3,  and 
either  the  average  of  maximum  cross  section  to  be  expected. 
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If  the  average  cross  section  level  (dbsm  average)  is  used,  comparison  of  Figures 
74  through  79  versus  Figures  69  through  73  shows  that  the  need  for  classifying  the 
target  scattering  matrix  becomes  relatively  unimportant.  That  is,  inspection  of  the 
average  reference  curve  data  indicates  that  for  a  selected  error  and  a  selected  per¬ 
cent  of  the  time,  the  S/N  is  approximately  the  same  for  all  three  types  of  targets. 
However,  there  is  enough  of  a  difference  between  the  curves  as  a  function  of  model 
matrix  to  indicate  a  trend.  The  trend  indicates  that  required  S/N  levels  for  complex 
targets  such  as  Tvlodels  1  and  2,  which  have  a  significant  amount  of  depolarization, 
are  as  high  or  higher  than  for  Model  3  type  targets.  Although  this  may  seem  sur¬ 
prising  because  of  the  dynamic  range  and  rapid  variations  associated  with  Model  3, 
in  comparison  to  those  for  the  other  models,  Model  3  also  exhibits  considerably  less 
depolarization  than  the  other  two  models.  Hence,  in  the  case  of  Models  1  ar.d  2, 
matrix  transformation  data  depends  primarily  upon  three  amplitudes  and  two  phases; 
whereas  in  the  case  of  Model  3,  it  depends  primarily  on  only  two  amplitudes  and  one 
phase.  When  a  comparison  is  made  of  the  degradation  data  of  Model  1,  in  which  the 
relative  phase  terms  are  slowly  varying,  ar.d  that  of  Model  d,  in  which  phase  and 
amplitude  variations  are  rapid,  it  appears  that  the  errors  in  data  obtained  using  the 
three  elements  with  slowly  varying  relative  phase  are  the  same  as  the  errors  in  that 
obtained  using  two  ?1ejr.ert  yhcr.'>  i  latWe  phase  varied  rapidly  wHh  azimuth.  How¬ 
ever,  in  the  case  of  Model  2,  the  transior nurses  In*.  wed  a  e-£..'ent.  rapidly 
varying  phase  matrix,  and  the  errors  were  noticeably  larger  than  those  obtained  in 
the  other  two  cases. 

In  the  case  of  a  particular  polarization,  such  as  (TR,RR),  the  above  conclusions 
would  probably  be  reversed  since,  in  the  case  of  these  conditions,  specular  and 
symmetrical  type  targets  would  tend  to  exhibit  zero  cross  section;  whereas  Models  1 
and  2  type  target  would  not.  However,  as  discussed  earlier,  in  order  to  generate 
error  curves  of  practical  interest,  only  one  orthogonal  type  polarization  was  used  of 
the  five  studied. 

Although  the  particular  values  of  Eg  and  E0  will  depend  upon  the  intended  use  of 
data  generated  from  the  scattering  matrix,  It  is  noted  that,  when  a  goodness  criterion 
of  3  db  at  the  la  point  (Ep  <  3  db  65  percent  of  the  time)  is  used,  the  S/N  (average 
reference)  must  be  greater  than  5  to  14  db  depending  on  the  type  of  iarget.  Signal- 
to-noise  ratios  of  this  type  are  presently  used  in  radar  design  based  on  detection 
criterion  using  acceptable  false  alarm  rates  (Reference  5).  However,  if  the  3  db 
criterion  is  shifted  to  2c  points  (E^  <  3  db  95  percent  of  the  time)  the  required  S/N 
is  greater  than  20  to  30  db,  or  practically  speaking,  lai^e  enough  to  include  the 
dynamic  range  of  the  scattering  matrices  of  the  type  being  considered.  Another 
interpretation  would  be  that  5  percent  of  the  time  errors  greater  than  3  db  would 
most  likely  be  present  due  to  error  sources  in  the  measured  data.  Although  this 
might  seem  unrealistic  at  first  glance,  inspection  of  Equation  19  shows  that  for  any 
target  which  has  a  significant  dynamic  signature,  the  number  of  times  that  a  crtr 
computation  will  depend  upon  the  difference  of  two  numbers  approximately  equal  will 
be  significant.  Hence,  seemingly  insignificant  errors  in  the  measured  data  can  yield 
significant  errors  in  computed  results.  (This  problem  is  not  eliminated  by  a  measure¬ 
ment  system  capable  of  measuring  Vcrtr  since  minor  discrepancies  in  adjusting  yt>  7r> 
and  6r  produce  the  6ame  magnitude  errors.)  That  is,  when  a  vector  summation 
involving  three  vectors  (analytically  or  mechanically)  each  which  cover  a  significant 
amplitude  and  phase  dynamic  range  is  performed,  unless  the  vectors  are  unrealistically 
error  free,  there  is  a  large  likelihood  that  large  errors  will  be  present  a  few  percent 
of  the  time.  The  data  obtained  in  this  study  Indicate  that  the  magnitude  of  this  few  per¬ 
cent  is  around  5  in  the  case  of  the  class  of  targets  considered.  This  percentage  would 
of  course  be  reduced  if  matrices  of  the  static  scalar  type  (e.g. ,  a  sphere  type)  nad  been 
considered. 
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Before  the  computed  versus  measured  results  are  discussed,  it  is  interesting  io 
compare  the  required  £/N  ratios  indicated  by  the  matrix  degradation  study  with  those 
based  on  a  different  type  of  scattering  characteristic  degradation.  The  scattering 
characteristic  chosen  for  comparison  was  one  associated  with  lobe  widths  as  a  func¬ 
tion  of  azimuth.  Although  other  characteristics,  such  as  the  maximum  value  of  the 
major  lobes,  could  be  used,  the  lobe  width  parameter  I./A  which  commonly  appears 
In  functional  forms  such  as  (sin  X/x)2  and  (Ji(X)/x)2  was  selected  for  use  as  a 
degradation  measure.  There  is  a  difficulty  in  applying  a  degradation  measure  of  this 
type  in  that  it  is  difficult  to  select  the  lobes  and/or  number  of  lobes  to  be  used  in 
arriving  at  an  acceptable  S/N  level.  This  problem  is  associated  with  the  decision  as 
to  the  functional  form  which  best  relates  the  lobe  structure  to  some  characteristic 
dimension.  However,  an  indication  as  io  the  amount  of  error  in  the  parameter  L/A 
as  a  function  of  S/N  can  be  obtained  ue'ng  either  of  the  functional  forms  indicated 
above;  the  differences  in  results  being  second  order. 

Shown  in  Figure  92  if  a  plot  of  percent  error  in  the  parameter  L  as  a  function  of 
S/N.  The  curve  was  generated  using  the  functional  form  sin  X/x  where  X  =  KL 
sin  A#,  L  represents  the  characteristic  dimension,  A  0  the  angular  distance  from  the 
lobe  maximum,  and  K  a  constant  prr  rtional  to  frequency.  The  expression  for  error 
in  percent  is  given  by 


%  error  =  (^  -  1)  100 


(20) 


where 

X1  =  KL1  Sin  A  8  value  of  X  determined  using  lobe  plus  noise 

X  =  KL  Sin  A  8  -  value  of  X  determined  using  lobe. 

The  value  of  X  used  as  a  reierence  was  that  determined  by  the  6  db  value  of 
(Sin  X/x)2.  Also,  the  S/N  axis  plotted  in  Figure  92  was  referenced  to  this  point. 

The  percent  error  curve  is  relatively  insensitive  to  the  valu~  of  X  chosen  as  a  refer¬ 
ence  as  long  as  the  S/N  axis  remains  fixed  relative  to  some  criterion  such  as  the  one 
used  (i.e. ,  relative  to  the  6  db  point).  If  the  curve  of  Figure  92  is  applied  to  the  data 
obtained  for  each  of  the  models  in  the  (TV,RV)  case,  it  is  seen  that  using  r  10  percent 
error  criterion  the  required  noise  should  be  approximately  3  db  below  (he  6  db  point  of 
the  major  lobes  of  interest.  Using  this  criterion  and  selecting  the  two  largest  lobes 
on  each  of  the  model  plots  indicates  that  in  the  case  of  Model  1  a  noise  level  equal  to 
1  db  above  the  average  cross  section  is  acceptable.  In  the  case  of  Model  2  a  noise 
level  approximately  2  db  below  the  average  Is  acceptable.  In  the  case  of  Model  3  a 
noise  level  approximately  11  db  above  the  average  is  acceptable.  If  the  characteristic 
dimension  error  requirement  Is  changed  to  5  percent  the  above  noise  levels  are  de¬ 
creased  by  3  db. 

Comparing  these  requirements  with  those  discussed  earlier,  it  <s  seen  that  the 
requirements  are  substantially  relaxed,  over  those  determined  using  the  3  db  at  la 
poini  criterion.  Hence,  it  is  apparent  that  S/N  ratios  for  systems  designed  to  obtain 
the  scattering  matrix  will  normally  be  greater  than  for  those  designed  to  preserve 
simple  characteristics  of  the  major  lobes  of  the  target  cross  section. 
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DIMENSION  ERROR  VERSUS  S/N 


In  connection  with  the  preservation  of  simple  lobe  characteristics,  the  data  pre¬ 
sented  in  Figure  93  shows  the  "false"  lobe  structure  generated  by  computing  cross 
section  via  the  scattering  matrix  using  data  which  is  degraded  with  noise.  The  data 
In  Figure  93  was  computed  using  the  matrix  data  obtained  with  a  S/N  ratio  of  -8.0  db 
referenced  to  average  (12  do  referenced  to  maximum).  The  data  used  In  the  computa¬ 
tions  is  illustrated  in  Figures  30  and  37.  The  results  of  the  computation  indicate  that 
a  substantial  amount  of  lobe  structure  was  generated  which  could  not  be  observed  in 
a  measurement  system.  Also,  a  comparison  of  Figure  93  with  the  data  in  Figure  88 
inuXv ates  that  a  considerable  amount  of  the  "false"  lobes  in  Figure  93  are  of  the  same 
widtAa  ns  in  the  correct  data  of  Figure  88. 

Computed  Versus  Measured  Data 

A  secondary  but  important  part  of  the  investigation  was  to  compare  cross  section 
calculated  via  a  scattering  matrix  transformation  with  measured  data.  The  results  of 
these  experiments  would  provide  information  on  the  feasibility  of  using  the  scattering 
matrix  to  obtain  cross  section  data  for  polarizations  other  than  those  needed  for  the 
matrix  rather  than  measuring  cross  section  under  these  other  conditions.  The  data 
obtained  in  the  investigation  (Figures  80  through  91)  indicate  the  results  which  can  be 
achieved  by  using  an  absolute  phase  measuring  system.  Error  cumulatives  for  these 
data  are  presented  In  Figures  94  and  95.  The  cumulatives  in  Figures  94  and  95  indicate 
errors  similar  to  those  produced  in  the  degradation  analysis  using  the  next  largest 
S/N  ratio.  Only  in  the  case  of  Model  2  was  there  a  significant  azimuth  range  over 
which  the  amplitude  and  phase  differences  exceeded  that  which  would  probably  suffice 
for  most  programs. 

Although  no  attempt  was  made  to  estimate  phase  accuracy  improvements  which 
would  be  achieved  by  using  a  relative  phase  measuring  system  rather  than  an  absolute 
type,  the  relative  phase  data  presented  in  Figures  96  through  98  give  an  indication  of 
the  reduced  requirements  for  the  measuring  system  when  these  data  are  compared 
with  the  absolute  phase  data  of  Figures  82,  86,  and  90.  Although  the  relative  phase 
patterns  are  shown  for  the  case  of  (T  tt/4,  R  tt/4)  relative  to  (TV,RV),  the  data  is 
representative  of  the  range  independent  0  and  \L>  parameters  of  Equation  19  which  would 
be  measured  directly  in  a  relative  phase  measuring  system.  In  addition  to  the  relaxed 
requirements  for  the  recording  system,  the  need  for  an  extremely  stable  coherent 
oscillator  is  eliminated,  and  errors  generated  by  target  motions  become  insignificant. 

f 

On  the  basis  of  the  results  attained  by  using  matrix  data  obtained  in  this  study,  it 
is  considered  quite  feasible  that  an  operational  relative  phase  measuring  system  would 
provide  matrix  data  sufficiently  accurate  to  produce  reliable  cross  section  data  at 
arbitrary  polarizations  if  relative  phase  measuring  equipment  were  used.  Also,  the 
program  results  indicate  that  in  the  case  of  static  measurements,  an  absolute  phase 
measuring  system  can  be  used  at  S  band  and  below.  However,  when  an  absolute  phase 
system  is  used  on  an  outdoor  range,  target  motion  is  a  constant  problem  which  de¬ 
grades  the  phase  data. 


Additional  Studies 

In  addition  to  the  investigation  of  the  noise  degradation  discussed,  the  data  ob¬ 
tained  during  the  program  can  be  used  in  a  number  of  studies,  some  of  which  are  simi¬ 
lar  to  that  performed  while  others  are  associated  with  various  uses  of  the  scattering 
matrix. 
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Additional  information  on  the  degradation  of  matrix  performance  could  be  obtained 
by  investigation  of  (1)  degradation  versus  constant  phas  >*  error  (calibration  error), 

(2)  degradation  versus  random  phase  and/or  amplitude  error,  (3)  acceptable  S/N  levels 
by  using  pattern  comparison  criteria  based  on  statistical  techniques,  (4)  degradation  as 
a  function  of  polarization,  and  (5)  noise  subtraction.  There  has  been  some  investiga¬ 
tion  of  degradation  versus  constant  phase  error  (Reference  1);  however,  only  a  few 
matrices  were  used  in  the  analysis  (10)  rather  than  the  over  10  thousand  matrices 
available  from  this  program. 

Investigation  of  degradation  versus  random  phase  and/or  amplitude  error  would 
yield  information  similar  to  that  generated  by  using  the  measured  data  obtained  during 
this  program  at  the  lower  S/N  levels.  In  addition,  results  from  these  studies  could  be 
used  to  distinguish  the  amount  of  error  caused  by  noise  from  that  caused  by  measure¬ 
ment  errors  in  the  degradation  data  presented  in  Figures  68  through  79. 

More  studies  relating  to  acceptable  degradation  levels  by  using  different  criterion 
are  considered  quite  important  in  order  to  cover  the  class  of  potential  uses  of  the 
scattering  matrix.  One  such  approach  which  has  been  considered  is  that  of  comparing 
degraded  patterns  with  correct  patterns  by  using  statistical  techniques  for  setting 
likeness  confidence  levels. 

Although  the  polarizations  used  in  this  study  were  considered  appropriate  for 
generating  general  degradation  curves,  degradation  curves  as  a  function  of  polarization 
and  type  model  would  be  of  use  in  more  specialized  cases. 

An  investigation  of  subtracting  noise  from  cross  section  data  could  be  carried  out 
using  the  measured  data  obtained  at  the  lower  S/N  levels.  The  results  of  a  study  of 
this  nature  would  indicate  the  amount  of  improvement  over  the  degradation  error  curves 
presented  in  this  report  which  could  be  expected  by  using  analytical  noise  subtraction 
techniques. 

All  of  the  studies  mentioned  above  can  be  conducted  by  using  the  scattering  matrices 
generated  during  the  program  being  reported,  and  they  are  related  to  the  feasibility  of 
using  the  scattering  matrix  in  various  programs.  Studies  related  to  potential  uses  of 
polarization  versatility  (scattering  matrix  transformations)  which  can  be  performed  with 
the  aid  of  a  computer,  and  the  data  obtained  under  this  program  are  (1)  comparison  of 
pattern  recondition  studies  with  and  without  the  vehicle  scattering  matrix,  (2)  simulation 
of  dynamic  data  by  use  of  static  data,  (3)  investigation  of  polarization  stepping  to  reduce 
radar  scintillation  (analogous  to  frequency  stepping).  An  example  of  the  smoothing  ef¬ 
fect  afforded  by  polarisation  stepping  is  shown  in  Figure  99.  The  data  in  Figure  99  was 
obtained  using  the  scattering  matrix  of  Model  3.  Comparing  the  data  in  Figure  99  with 
that  of  Figures  24,  30,  or  80  shows  that  polarization  stepping  produces  a  smoothing 
effect  similar  to  that  produced  by  frequency  stepping  (Reference  6).  In  addition  to  the 
averaging  effect,  the  data  obtained  by  polarization  stepping  preserves  different  char¬ 
acteristic  lobes  than  would  be  preserved  by  frequency  stepping  at  a  fixed  polarization. 
This  fact  might  be  quite  useful  in  connection  with  (1)  above. 
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